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Matrix-isolation infrared spectroscopic studies of the gas-phase
reactions of chlorine atoms with ozone and chlorine atoms with oxygen
are reported. Experiments were performed under various experimental
conditions and the major products of these reactions were ClOO and OCIO,
the relative concentrations depending upon the experimental conditions.
The CIO radical is also observed in these gas-phase reactions. Mechanisms
for the above observations are given, and as a result, a chemical reaction
scheme for the gas-phase chlorine in the stratosphere is postulated. The
possibility of chlorine acting as a catalyst for the destruction of
atmospheric ozone is discussed.
Matrix-isolation infrared studies of the gas-phase reaction of
nitric oxide with 0^ and O2 are also reported. NO2 was observed as the
major product of these reactions. The nitric oxide dimer, (N0)2» and
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This thesis is divided into two different but related chapters.
Chapter I is concerned with the matrix-isolation studies of the gas-
phase reaction of chlorine atoms with ozone. Chapter II is concerned
with the matrix-isolation studies of the gas-phase reaction of nitric
oxide with oxygen and ozone. These chapters are independent in that
each chapter is composed of an Introduction, Experimental, Results and
Discussion, and References. The unifying connection between the two
chapters is that the experimental conditions are similar and analyses
of the reaction products from these two reaction systems were accomplished
using the same technique of matrix-isolation and infrared spectroscopy.
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Recently, much interest has been shown in various catalytic
cycles and their possible effect on the stratospheric ozone layer.
1^0
Several authors have proposed that some aerosol pollutants, in
particular chlorine and nitrogen oxides, may catalytically deplete
the ozone layer.
The stratospheric ozone layer filters out high energy
ultraviolet radiation (3000-39000 A) from the sun. Stratospheric
ozone is formed when ultraviolet radiation (primarily of wave¬
lengths below 210 nm) dissocates oxygen molecules
O2 hv_^ 20, (1)
to produce oxygen atoms. These atoms can then combine with oxygen
molecules to form ozone.
0 + O2 O^. (2)
A steady-state concentration of ozone is present in the stratosphere.
The basic reactions of stratospheric ozone are given by the
reactions^"^
O2 ^ 20 (1)
O3 O2 + 0 (3)
M + O2 + 0 ^ O3 + M (4)
O3 + O2 ^ 2O2 + 0. (5)
The important reactions are (3) and (4),
1
2
O3 hv^ O2 + 0 (3)
M + O2 + 0 ^ 0^ + M (4)
M + O3 ^ O3 + M net
which indicate a steady-state concentration of stratospheric ozone.
Reaction (3) is responsible for the absorption of high energy ultra¬
radiation, which may be ecologically and physiologically harmful.
Reaction (4) ensures a steady-state concentration of ozone.
Certain aerosol (by "aerosol", we mean any dust particle which
diffuses from the troposphere into the stratosphere by any means)
pollutants are thought to provide "sinks" for stratospheric ozone,
and may cause a serious depletion of the stratospheric ozone concent¬
ration.
One such sink is provided by the chlorine oxides (CIO^).
Chlorine may contaminate the stratosphere in several ways; the two
most important unnatural sources being the diffusion of freons
(CFjjCly) from the troposphere and the by-products of exhausts from
spacecraft (in the form of HCl). After diffusion into the stratosphere,
both the freons and hydrochloric acid may be photolytically dissocated
to give chlorine atoms.
CF3C1 hv^ CF3 + Cl (6)
HCl hv H + Cl. (7)
It has been proposed that chlorine atoms may, in turn, catalytically
destroy ozone molecules by the mechanism
3
Cl + 0
. CIO + O2 (8)
CIO + 0 Cl (9)
03 + 0 2O2. net
The chlorine atom is not consumed, and reactions (8) and (9) exemplify
£
catalysis. It has been estimated” that each chlorine atom injected
into the stratosphere is potentially capable of destroying 10,000
ozone molecules.
Based upon experimental rates of corresponding reactions of
chlorine oxides, Stolarski and Cicerone (SC)^ have proposed chemical
reaction schemes for gas-phase reactions of chlorine in the
stratosphere (Fig. 1), and have indicated that, according to their
reaction scheme, chlorine concentrations of 1 ppb may result in
significant ozone destruction.
Wofsy and McElroy^ have also proposed that chlorine oxides
may constitute an important catalytic sink for ozone. However, none
of the studies, to date, have measured directly the products of the
Cl + O3 reactions.
The ClOjj cycle is not the only important proposed sink for ozone.
Wofsy and McElroy (WM)® have proposed that the nitric oxides (NOx)
constitute sinks for stratospheric ozone. Nitric oxides, of course,
are a major by-product of the exhausts from supersonic transports.
The NOx species diffuse into the stratosphere and destroy ozone by
the proposed mechanism.
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NO + 0U) 1 O2 (10)
NO2 + 0 _ .NO + O2 (11)
0 + 0 UO 1 2O2. net
In addition, at altitudes lower than 35km, the ClO^j and NO^j cycles
are proposed to merge,^








As in the case of the CIO^^ cycle, no direct determination of the
products of NO + 0^ reaction have been made.
In this thesis, we employ the technique of matrix isolation^"^^
to study the reactions of chlorine atoms and nitric oxide with ozone.
We are able to trap transient species (i.e., free-radicals) at lOK,
and characterize these species by their infrared spectra.
Thus, we have a means for the direct determination of the
possible reaction intermediates of the ClOx and NOx cycles.
We attempt to take the studies of SC and WM one step further.
Employing our matrix-isolation results, along with known rate
constants and reaction schemes, we hope to provide a better description
of the ClOjj and NOx cycles.
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INTRODUCTION
Several studies^"^ suggest that the oxides of chlorine may
constitute an important sink for stratospheric ozone. Stolarski
and Cicerone (SC)^ suggest that the reactions may comprise a
Cl + 03 ^ CIO + O2 (1-1)
CIO + 0
^ Cl + O2 (1-2)
03 + 0 ^ 0CM net
a catalytic sink for the removal of odd oxygen in the stratosphere.
This catalytic cycle is commonly referred to as the "CIO cycle". SC
estimate that concentrations of chlorine of 1 ppb could cause
significant atmospheric ozone depletion (Fig. 1-1).
A second catalytic cycle is initiated by (1-3)
CIO +
^ OCIO + 02 (1-3)
OCIO + 0
^ CIO CM0+ (1-4)
O3 + 0 2O2 net
Reaction (1-3) forms OCIO, and it has been suggested^ that the
effect of this "OClO cycle" is to lower the net ozone destruction
because a fraction of the total available chlorine oxide species is
diverted to OCIO, and (1-4) is two orders of magnitude slower than
(1-2). It is thought that the "OCIO cycle" is unimportant because
photodissociation of OCIO is probably faster than reaction (1-4).
8
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In fact, no researcher has yet considered OCIO to be a major product
of the Cl + 0^ reaction.
Wofsy and McElroy (WM)® have also proposed, based upon
theoretical study, that the ClOjj cycle may constitute a sink for
ozone. Both CS and WM propose that HCl and CIO are probably the
dominant forms of atmospheric chlorine.
In our matrix isolation experiments, we attempt to identify
the products of the reaction of chlorine atoms and ozone, and to use
these results, in conjunction with the CS and WM data, to propose
perhaps a more reliable description of the ClO^j cycle (at least
under laboratory conditions).
EXPERIMENTAL
The experimental technique employed in these studies is that
of "matrix-isolation".^ This technique provides a means of producing
and maintaining extremely reactive and therefore transient species
in sufficient concentration to be definitely identified and
structurally characterized. A cryotip and displex refrigerator
(Air Products SCS-202 Model), were employed to obtain and maintain
the low temperature (lOK) necessary for the matrix-isolation studies.
The cryotip has a rotatable section with an optical port, designed
to provide the flexibility for infrared spectroscopic studies (Fig. 1-1).
A kinetic attachment was designed to insure that the reactions take
place in the gas-phase prior to deposition on the Csl cold window.
Spectral observations (4000-200 cm“^) were taken with a
Beckman 4250X ir spectrophotometer.
Great pains were taken in order to achieve the best possible
vacuum and the cleanest possible system. Prior to each experiment,
the cryogenic cell (Fig. 1-2), the salt windows, and the kinetic cell
(Fig* 1-3) were throughly cleaned. The stainless-steel cryogenic
cell was first throughly cleaned with CCl^ in order to remove any
grease films that might have accumulated in the previous experiment.
The CCl^ was removed with acetone and the acetone was removed with
ethanol. The logic employed here was that CCl^ is soluble in acetone
but ethanol is easier to pump from the system since it has the lowest
vapor pressure of the 3 compounds. The grease from each 0-ring was
10
to vacuum manifold
Fie. 1-1. Schematic of experimental apparatus.
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Fig. 1-2. CrossT-section of cryogenic cell.
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Fig. 1-3. Quartz kinetic cell.
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removed, and each 0-ring was regreased with high vacuum grease. The
cryogenic system and kinetic cell were pumped on with an oil diffusion
pump for 12-14 hr to further remove volatile compounds and water.
Typical pressure in the evacuated reaction cell was IC^-IO”^ torr.
Csl windows were thoroughly polished prior to each
experiment. Each window was rubbed briskly across a lintless, leather
cloth which was moistened with ethanol for 15-30 sec. The window
was then transferred to a dry area on the cloth and polished for
10-15 additional sec. This procedure was repeated 2 to 3 times, or
until the window was at least visibly clear. If a window was nicked
or scratched, it was reground on 200-grit sandpaper. The window was
then ground on 600-grlt sandpaper to remove scratches due to the
coarser paper. After grinding, the windows were polished, using the
procedure described above. This care was taken to achieve maximum ir
transmittance and to decrease the possibility of unwanted reactions
with Impurities on the Csl windows. Background spectra of the cleaned,
evacuated system were always taken to ensure that the amount of water,
the largest impurity usually remaining in the system, was within
tolerance levels (we set an arbitrary tolerance level for the
absorption of matrix-isolation water at an absorbance (log 1q/1)
of 0.021-0.035).
Products of the microwave discharge, employed to produce Cl
atoms, are known to react with the glass walls of the kinetic cell;
therefore, the kinetic cell was thoroughly cleaned prior to each
experiment—first with a detergent, and secondly with concentrated
hydrofluoric acid. Hydrofluoric acid also served to prevent
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recombination of chlorine atoms on the walls of the kinetic cell.
In all experiments, chlorine atoms were produced by microwave
discharge of Ar/Cl2 mixtures. Other excited species are probably
produced; for example Cl^* CI2, Cl"*^ Ar"*", Ar* (excited argon) and
ArClx-^^*"^^ In addition, when the products of the discharge are
mixed with ozone or oxygen, other species (l.e., ArO„) may be formed.
We felt, however, that the ArCl^^, ArOjj, and Ar* species would present
the most problems in experimental interpretation. The ArOj^ and ArCl^*
if formed, might have ir spectra which would confuse the interpretation,
and the excited argon might cause unwanted side reactions in the
system.
We determined that the ArO^j and ArCl^ were unobservable in our
system (see mechanism below); however, the excited argon proved to be
a problem. We discovered that the reaction of Ar* and O2 produced
ozone, through a proposed mechanism:
Ar* + O2 Ar + 20
0 + Op j O3
Ar* + 2O2 ^ O3 + Ar. (net)
In our study of this system we performed experiments where we:
(1) passed Ar through the microwave discharge and then reacted Ar*
with molecular oxygen to determine if the above reaction were gas-
phase, (2) first deposited O2 on the Csl cold window and then
reacted the deposited 0^ with Ar* to determine if the above reaction
were a matrix reaction, and (3) discharged Ar on different sides
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(one at a time) of the kinetic cell in order to determine if the Ar*
were dissociating the 02> or whether the light from the discharge were
dissociating the O2. We subsequently found that O3 was produced no
matter which side of the kinetic cell Ar was discharged, thus
eliminating the possibility of light entering into the reaction. We also
found that 0^ was produced in the gas-phase and by reaction on the matrix.
Unfortunately, there was no way to eliminate excited argon if we
continued to employ the microwave discharge to produce chlorine atoms,
and we planned future experiments employing monochromatic radiation to
selectively dissociate Cl2- However, for the present experiments we
had to live with the discharge and we sought to make the system as clean
as possible. We would like to point out that discharge of Ar/X mixtures
is a widely used means of producing free radicals.
In our very first experiments, there were quite a few absorptions
in the 1200-1350 cm”l and 550-850 cm"^ regions which we could not
identify (Fig. 1-4). Absorptions in these regions are consistent with
the presence of nitric oxides (NO^). Therefore, we suspected that
nitrogen might be present as an impurity in the gases, particularly
the chlorine. We then proceeded to purify the chlorine (99.9% purity,
Linde) by trapping a sample in a methanol/liquid nitrogen slush and
pumping to extract valatile impurities. The trap was then removed and
the first fraction pumped out of the system. The second fraction,
employed in the experiments, was then distilled into a 2-1 bulb.
Subsequent spectra (Fig. 1-5) showed a complete absence of all
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(or N0„) from the chlorine, we first purified the chlorine by the
above procedure, then made a Cl2/N2/Ar mixture and reacted the
discharged mixture with ozone. The resulting spectrum was identical
to the unpurlfied CI2 spectra (Fig. 1-4). Indeed we identified each
and every unknown absorption to be a nitric oxide. We were then
certain that the only problem with our system was the excited argon,
and the planned experiments where CI2 would be selectively dissociated
should elucidate the role, if any, of Ar* in the CIO^ reactions.
To test the possibility that reactions other than Cl atoms
and 0^ were taking place we performed the following experiments:
(1) the matrix-isolation ir spectrum of pure argon
(2) CI2 + O3 (no discharge)
(3) Cl2/Ar (no discharge)
(4) Cl2/Ar (discharged)
(5) Ar (discharged) + 0^
(6) the matrix-isolation ir spectrum of ozone, and
(7) the matrix-isolation ir spectrum of ozone/argon mixtures.
In experiments (1), (2), (3), (4), and (5) with the exception of
matrix-isolated CI2, absolutely no absorptions in addition to the
background spectrum were observed. Thus there are no observable
(by ir methods) reactions in the CI2 + O3, CI2 + Ar, discharged
Cl2/Ar or Ar* + O3 systems. We thought that Ar* might react with
O3 to produce ArO; however, no absorptions were observed. This does
not unambigously rule out the presence of ArO because ArO might
absorb below 200 cm“^ but probably does not. We also did not observe
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the ArCl^ species in our system.
In short, we have considered and tested every possible reaction
that might be taking place in our system, other than the desired
reactions, and we are confident that the products we observe are due
only to the Initial reaction of chlorine atoms and ozone (and possibly
excited argon).
We took great pains to ensure that our system was as clean as
possible and that we had the best vacuum possible for a matrix-
isolation system, and we are confident that we have been successful.
Finally, in the experiments requiring ozone, the procedure
was to pre-make ozone by a "static method". The vacuum line was
flushed twice with O2 (Lindej^ 99.9%). Oxygen was then introduced
into the system and discharged with a Tesla Coil. The resulting
O3 was cooled to liquid nitrogen temperature in a tube containing
molecular sieves. The ozone was pumped on for h hr to remove any
residual O2 and volatile impurities. Subsequent ir spectra of pure
O3 showed absorptions attributable only to ozone.
Gas mixtures of chlorine/argon (1:25), were employed in all
experiments. Typically, 10 mm of CI2 was frozen in a 2-1 bulb
attached to the main vacuum line. The vacuum line was then evacuated
and 350 mm of Ar was Introduced into the vacuum line and allowed
to mix simutaneously with the CI2 in the 2-1 bulb for approximately
30 min to 1 hr.
Gas mixtures where O^/Ar ratios were varied were prepared by
introducing a desired amount of O3 in a 2-1 bulb on a different side
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of the vacuum line. The desired amount of Ar was introduced into
the vacuum line and allowed to mix simutaneously with the 0^ in the
2-1 bulb for 30 min to 1 hr. The gas mixtures were allowed to react
in the gas-phase, in a kinetic cell of our design, before deposition
on a Csl cold window. In these experiments 4.2 x 10“^ moles of
Cl2/Ar was deposited for every 3.9 x 10“^ moles of 0^ or 2.8 x 10“^
moles of O^/Ar. Deposition time for these experiments ranged from
30 min to 1 hr. The time required for each experiment was approximately
6 hr.
RESULTS AND DISCUSSION
In the reaction of Cl atoms with pure 0^ (Fig. 1-5) the major
products were OCIO (1105 cm~l). Based upon our observations and kinetic
rate data, we may propose the following tentative reaction mechanisms
to account for the production of OCIO:
Cl + 03 —. CIO + °2 (1-5)
CIO + 03 OCIO + 02 (1-6)
Cl + 203 OCIO + 202 net
Cl + °3 > CIO + °2 (1-5)
CIO + CIO
^
OCIO + Cl (1-7)
CIO + 03 OCIO + CIO net
The presence of ClOO can be rationalized by the following
mechanisms:
Cl + CIO + O2 (1-5)
CIO + CIO
^
ClOO + Cl (1-8)
CIO + 0
^
ClOO + Oo net2
Cl + O2 + M ClOO + M. (1-9)
The experimental rates for these reactions are given in the table
on the following page. We consider reaction (1-9) primarily for
completeness since the concentration of O2 in ozone must be small in
22
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Table 1-1. Experimental Rates for Reactions of Chlorine
and Chlorine Oxides (in units of cm^sec”^ molecules”^)
REACTION RATES
Cl + 03 » CIO + O2







Cl + 02 + M ^ ClOO +
ClOO + M
^







CIO + 0 Cl + O2











a. Calculated from a rate of 2.35-0.05 x 10“lle-(171-30/t)
(M. S. Zahniser, F. Kaufman and J. G. Anderson, Chem.
Phys. Letters, 37, 226 (1976), employing a temperature
of 298K). —
b. H.S. Johnston, Science, 173, 517 (1971).
c. R. T. Watson, Chemical Kinetics Data Survey VII. Rate
Constants of ClOg of Atmospheric Interest, NBSIR 74-516, 1974.
d. H. S. Johnston, E. D. Morris and J. Van Den Bogaerde, J. Am.
Chem. Soc., 91, 7712 (1969).
e. M. A. A. dyne and I. F, White, Trans, Farad. Soc., 67, 2068
(1971).
f. Rate estimated (R. S. Stolarski and R. J. Cicerone, Can J.
Chem., 52, 1610 (1974).
g. P. Bemand, M. Clyne, and R. Watson, J. Chem. Coc. Faraday
Trans. I, 8, 1356 (1973).
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these experiments and the rate for reaction (1-9) is about 10^^ times
slower than for reaction (1-3). At this point, we must consider both
sets of reactions (1-5 & 1-6) and (1-5 & 1-7) as possible mechanisms
for the production of OCIO; however, we note that reactions (1-7)
and (1-8) are competitive and their rates are not too different. It
is interesting to note that SC did not consider either reaction
(1-7) or (1-8) in their chemical reaction scheme for gas-phase
chlorine. Since in these experiments ozone is in excess, we might
intuitively favor reaction scheme (1-5 & 1-6) for the production of OCIO.
The Cl + 0^/02 mixture experiments (Fig. 1-6) yielded results
not too different from the previously discussed experiments with
pure Oj, and we note from the spectra (Fig. 1-5) that in the
Cl + 0^/02 experiments ozone is again present in excess.
Next we sought to vary the concentration of ozone present in
each experiment. The logic employed was that if O3 is not present
in excess, we should be able to decide between schemes (1-5 & 1-6)
and (1-5 & 1-7), since both steps in scheme (1-5 & 1-6) require
reaction with ozone, and only one of the steps in scheme 2 requires
reaction with ozone. Therefore, if the concentration of OCIO
produced decreased significantly, then OCIO is produced by reaction
scheme (1-5 & 1-6).
The results for O^/Ar ratios of 1:10, 1:20, 1:40, and 1:50 are
presented in Figs. 1-7 through 1-10. The concentration of OCIO
decreases -^evy significantly while the concentration of ClOO in fact










































































should point out here that a consistent sample size was employed in
all experiments. These results are quite interesting because they
imply that reaction scheme (1-5 & 1-6) explains the production of
OCIO, and that ClOO is the primary product of the reaction of CIO and
CIO.
If the logic we employed in the experiments is consistent,
then we might expect to see an Ir absorption due to CIO, since one
might expect the CIO concentration to be higher in systems where
reactions (1-5 & 1-7) and (1-5 & 1-6) are predominant over reaction
(1-5 & 1-6). In fact, we obseirved a new absorption at 960 cm~l which
is well within the range of the expected CIO absorption frequency.
Additionally, since the ozone is also diluted with argon, we should
expect better isolation and, therefore, a better chance of observing
the extremely reactive CIO intermediate.
Several experiments were repeated with isotopic oxygen-18.
First, to determine if the ClOO molecule were coming from the direct
reaction with oxygen.
Cl + O2 + M ClOO + M (1-9)
or from some chlorine oxide that had reacted first with ozone, we
made an ^^02/^®02 mixture (10:1) and reacted this mixture with the
discharged Cl2/Ar mixture. The Cl-^®0-^®0 isotopic shift is well
known^ and from our results Illustrated in Fig. 1-11, we see
absolutely no absorption due to Cl-^®0-^®0. However, the Cl-^^0-^^0
radical is evident at 1442 cm'-1 the ^^O-Cl-^^0 absorptionsas are
31
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at 1100 cm“^, 942 cm~^, and 450 cm”l. Additional bands occur at
1550 cm“l due to ^^02» 1447 due to ^®02» and 1110 cm"^, 1040 cm~l
and 700 cm“l due to ^^O^. The absorptions at 1021 cm”^, 1001 cm“l
and 900 cm”l are due to various isotopic forms of 0^ (primarily
16o_16o_18o). This experiment is strong evidence that both ClOO
and OCIO are products of the reaction of chlorine with ozone. We
can definitely conclude that reaction (1-9) does not occur in our
system.
As indicated previously, we believe the absorption at
961 cm“^ to be CIO. The CIO radical has never before been observed
in the gas-phase reaction of chlorine and ozone. If the 961 cm~l
absorption is due to CIO, then calculations suggest that we should
observe an isotopic shift of approximately 40 cm“^. Thus we reacted
chlorine with a 1:30 ^^O^/Ar mixture which was introduced through
the nozzle to achieve maximtun production of Cl-^®0-^®0 and, hopefully,
maximum production of Cl-^®0. Our results are illustrated in Fig. 1-12.
The Cl-^®0-^^0 radical is observed at 1360 cm~^ and a new band occurs
at 921 cm~^ corresponding to the expected 40 cm~^ downfield shift of
the 961 cm“^ band. The 921 cm~^ absorption also exhibits the 3:1
35ci/37ci ratio characteristic of a compound containing a single
chlorine atom. Also, as we repeatedly scanned the 921 cm”^ absorption,
the intensity rapidly decreased indicating that the absorption was
due to an extremely reactive radical. We feel confident that the






A third type of experiment where ozone was introduced closer
to the cold window, in order to shorten the reaction pathway, was
also performed (Fig. 1-13). The ClOO absorption was significantly
enhanced. This result implies that ClOO might somehow undergo
decomposition in the gas-phase. A possible mechanism would be
ClOO + M
^ Cl + O2 + M. (1-10)
The rate for this reaction has not been measured experimentally but
is estimated to be on the order of 10”^^ ?m^ molecules"^ sec~^ (see
table on page 23).
In summary, the following reactions are then proposed to be
primary reactions in the chemical reaction scheme for gas-phase
chlorine in our system:
Cl + 0
1
CIO + "2 (1-5)
CIO + °3 —> OCIO + °2 (1-6)
CIO + CIO
^
ClOO + Cl (1-8)
ClOO + M
^
Cl + O2 + M. (1-10)
Further, the isotopic studies along with the kinetic rate data tend
to strongly support reactions (1-5), (1-6), (1-8) and (1-10). There
may be other reactions taking place in the system, particularly
reactions involving excited argon and chlorine oxides. However, while
the possibility exists that the reactions (1-5), (1-6), (1-8) and
(1-10) do not occur in our system, all experimental evidence suggests
that these reactions are certainly feasible. In fact, having


















discussed in the experimental section, it is very difficult to imagine
any other feasible mechanisms (even including Ar* and Cl|) to explain
our experimental observations.
Since ClOO and OCIO are the primary products of the reaction
of Cl and we must consider what happens to these species before
we can fully postulate the existence (or absence) of a catalytic
cycle. It is highly probable that ClOO decomposes according to
reaction (1-10). Previous research has also shown that in situ
photolysis of OCIO results in the production of CIOO.^ The fate
of OCIO in the gas-phase has not been determined by our experiments.
However, in the presence of ultraviolet radiation OCIO probably
dissociates to give CIO and 0. We have determined that the ozone
concentration is critical to the production of OClO in the gas-phase.
If one considers the rate constants (see table on page 23), there
are several reactions involving the decomposition of OCIO that may
be Important and must be included in our reaction scheme:
OCIO + hv_^ CIO (1-11)
OCIO + 0
^ CIO + O2 (1-12)
OCIO h\^ ClOO. (1-13)
If we consider reactions (1-5), (1-6), (1-8), (1-10), (1-11)
and (1-12) to be Important reactions in the chemistry of gas-phase
chlorine and ozone, then we may modify the SC reaction scheme (Fig. 1-14)
to include reaction (1-8) (Fig. 1-15) and to exclude reaction (1-9).
No evidence to support reaction (1-9) was found and reaction (1-9)








Fig. 1-14. Chemical reaction scheme for gas-phase chlorine











Proposed reaction scheme for the gas-phase
39
If ClOO and/or OCIO result in either Cl atoms (reaction (1-10)),
or the CIO molecule, then chlorine will probably catalytically destroy
ozone. However, calculations in the spirit of WM and SC, which
include our experimental results, and a better knowledge of the myriad
of other stratospheric reactions are needed before definite
conclusions can be drawn concerning the effect of Cl on the
stratospheric ozone layer.
CONCLUSIONS
Matrix-isolation-infrared spectroscopic studies of the gas-
phase reaction of chlorine and ozone atoms have lead to the
following conclusions:
(1) There is strong evidence for the production of CIO.
(2) The primary products of the reaction of Cl and O3
are ClOO and OCIO. Proposed reactions are
Cl + 03 - CIO + 02
CIO + s - OCIO + CM0
CIO + CIO
_
. ClOO + Cl.
C3) The radical ClOO has a relatively short lifetime
and we feel that its decomposition is due to the
reaction
ClOO + M
^ Cl + 0^ + M.
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CHAPTER II
MATRIX-ISOLATION SPECTROSCOPIC STUDIES OF THE REACTION OF
OZONE WITH CHLORINE AND NITRIC OXIDE IN THE GAS PHASE
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INTRODUCTION
The destruction of stratospheric ozone by nitric oxide has
become a topic of considerable concern. Therefore, there is major
interest in the identification of species formed from the reactions
of nitric oxide with oxygen and ozone.
The most important natural source for stratospheric NO above
100 km is the reaction of nitrogen and oxygen
N(^D) + O2 ^ NO + ). (2-1)
However, the role of NO as an atmospheric pollutant was defined only
1 2
recently by Crutzen and Johnson. Both authors drew attention to
the possible effect of high flying supersonic aircraft (SST) on the
stratospheric ozone layer. They pointed out that potential fleet
operations of SST's could add significant quanties of NO to the
normal stratosphere, which could, in turn, lead to major reduction
3
in the concentration of atmospheric ozone. Wofsy and McElroy (WM)
have also proposed that nitric oxides (NO^^) may constitute sinks
2
for stratospheric ozone. The reactions of NO^^ which are proposed
to result in the greatest net removal of odd oxygen from the
atmosphere are the following:
NO + °3 NO2 + ^2 (2-2a)




0+ _v 2O2. net
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The above reaction scheme represents a catalytic cycle, and, as
in the case of the CIO cycle, one may deduce that NO and N0_, ifX z
present in the stratosphere in sufficiently large concentrations,
may critically affect the global concentration of ozone.
In addition, at altitudes lower than 35 km, the ClO^^ and NO^^
cycles are proposed to merge thusly;
Cl + °3 CIO 0+ (2-3a)
CIO NO
^
Cl + NO2 (2-3b)
N02 + 0 ^ NO + O2 (2-3c)
0 + 0
1 20^.
There have been a considerable number of experimental studies
of nitric oxides.In particular, Guillory and Hunter (GH),^
have observed the peroxy-nitrate radical, OONO, in the gas-phase
reaction of nitric oxide and O2, and estimated the equilibrium
constant for the rapid reversible reaction
O2 + NO ^ OONO. (2-4)
However, ours is the first matrix-isolation study of the NO + 0^
system to attempt to identify other reaction intermediates.
In order to propose more detailed mechanisms for this system.
Demote and Davidson (DD)^ have studied the in situ photolysis of
nitrogen/ozone and N20/ozone mixtures at 20K. While basically
different from our experiments, the DD experiments provide important
infrared spectroscopic data for the interpretation of our results.
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Final, Dinnerman and Ewing^ observed the infrared spectrum,
postulated a structure, and calculated the heat of formation of
the nitric oxide dimer, CN0)2, formed in the equilibrium reaction
NO + NO -—* (NO) 2* (2-5)
We draw attention to this study because the (N0)2 dimer is present
(from the infrared spectra) in all studies employing NO. The
infrared spectrum of NO in argon showed an NO fundamental at
1876 cm~l (Fig. 2-1), Two other bands were observed at 1788 cm"^
and 1860 cm~l, which are due to the cis-isomer of the NO dimer,^
We do not include (NO)2 in our proposed reaction mechanisms.
Our study employs the technique of matrix-isolation to study
the gas-phase reactions of nitric oxide with O2 and O^* The purpose
of this work, then, is to determine possible intermediates in these









The apparatus Can Air Products cryotip and displex refrigerator
and the high-vacuum manifold) employed in these experiments have
been previously described in Chapter I. Clean-up procedures are
also identical to those described in Chapter I, performed prior to
each experiment. Nitric oxide (99.9% minimum purity) was obtained
from the Matheson Company. However, impurities usually present in
tank NO are NO2, ^£0, and N20^, Thus, the nitric oxide was
subjected to further purification. The NO was distilled into a
liquid-nitrogen trap at 77K and the residual NO pumped from the
> manifold. The liquid nitrogen Dewar was then pumped on for
approximately 5 to 10 min to remove any volatile impurities. The
nitric oxide was then distilled from the 77K trap into a 1-5 hexadiene
and liquid nitrogen slush (132K) was pumped on for 30 min to remove
any NO2, N2O and N20^. The nitric oxide was allowed to vaporize
slowly into the main vacuum line and trapped in a 2-1 bulb. The
first and last fractions were pumped out. Subsequent ir spectra
showed absorptions due only to nitric oxide and the nitric oxide
dimer (Fig. 2-1). Background spectra were always taken prior to the
sample deposition.
For all experiments involving ozone and oxygen, ultra-pure
oxygen (99.9%, Linde) was used.
Gas mixtures of nitric oxide to argon (1:200) were employed
in all experiments. Typically, 1.0 mm of NO was frozen in a 2-1
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bulb attached to the main vacuum line. The main line was then
evacuated and 200 mm of argon were introduced in the vacuum line and
allowed to mix simultaneously with the NO in the 2-1 bulb for
approximately 20 min to 1 hr. The gas mixtures (NO/Ar and O2 or
NO/Ar and O3) were allowed to react in the gas-phase, in a kinetic
cell of our design, before deposition on a Csl cold window. In these
experiments, 3.96 x 10~^ moles of NO/Ar was deposited for every
2.7 X 10“^ moles of O2 or O3. Deposition time for these experiments
ranged from 30 min to 1 hr.
Infrared spectra were recorded at lOK, and a Beckman 4250X
ir spectrometer (200-400 cm~^) was employed for spectral observation.
RESULTS AND DISCUSSION
In the reaction of nitric oxide with oxygen, NO2 was observed
as the major product absorbing at 1610 cm“^ in the infrared (Fig. 2-2).
Other frequencies for NO2 observed in our work were 749 cm“^,
1624 cm~^, and 750 cm“1.7-8 However, these bands are much less
Intense than the 1610 cm“l absorption. The peroxy nitrogen trioxide
radical, OONO (1840 cm~^) was also observed. The following mechanism
might be proposed to explain the product species, NO25
NO + O2 OONO (2-4)
OONO + NO 2NO2 + 0^ (2-6)
2N0 + O2 2NO2 net
where the peroxy-nitrogen radical is proposed to be an intermediate.
Some evidence for postulating the peroxy-nitrate radical as an
intermediate comes from the work ofGuillory and Hunter (GH).^
GH simply prepared an NO/O2 mixture and slowly increased the pressure
until the peroxy-nitrate radical was observed. The NO2 molecule
began to appear in the infrared spectra only after a sufficient amount
of OONO had been produced. Also, the OONO radical is quite unstable
as evidenced by our experiments. As we repeatedly scanned the OONO
absorption, we could see the intensities of the absorptions slowly
decrease, even though the molecule was "isolated" in an argon matrix.













both in proportion to the OONO decrease. Thus, we feel relatively
safe in proposing the above mechanism. No identifiable higher nitric
oxides were observed. However, we were unable to identify the
absorptions at 1682 cm“l and 1643 cm”^. Therefore, the presence of
some higher NO^ species cannot be positively ruled out. Finally,
the absorption at 1560 cm“^ is due to water, and the absorption at
1860 cm“^ and 1788 cm“^ are due to the nitric oxide dimer.
The reaction of nitric oxide with ozone also results in NO2
as the major product (Fig. 2-3). Nitrogen dioxide is formed by a
bimolecular reaction^ between NO and 0^
NO + O3 ^ NO2 + O2. (2-2)





The formation of OONO (1840 cm”^) is probably due to the reaction of
NO and O2, as in the previous experiment,
NO + O2 ^ OONO. (2-4)
Since NO2 is present in such large concentrations, another
possible reaction in our system is
NO2 + O2 ^ NO3 + O2. (2-7)










NO + NO3 ^ 2NO2 (2-8)
is 10^ times faster than (2-2a) and 10^ times faster than (2-7), which
means that if NO3 were produced it would probably be converted
rapidly to NO2.
Table 2-1. Experimental Rates for Reactions of Nitrogen Oxide
with Oxygen and Ozone Cin units of cm^sec-1)
REACTION RATES
NO + 0-, OONO unknown2 *
OONO + NO 2NO2 unknown
NO2 —. NO3 + O2 2.965 X 10-1^®
NO2 + O3 ^ NO3 + O2 7.77 X 10-17^
NO + NO3i — 2NO2 1.0 X 10-11^
2NO3 * 2NO2 + O2 2.12 X 10"19b
NO + 0, _ 2NO2 unknown
a. J. E. Marte, E. Tschaikow and H, W. Ford, J, Chem. Phys,,
39, 3277 (1963).
b. TT C. McConnell and M. B. McElroy, J. Atmos. Sci,, 30,
1465 (1973). —
In summary, the following reactions are proposed to occur in








2NO + O2 2NO2
NO + O3 ^ NO2 + O2
NO + O2 ^ OONO
net
Nitrogen dioxide is the major product of the reaction of nitric
oxide with oxygen and ozone. In the reaction of nitric oxide and
oxygen, NO2 is produced via reaction of the peroxy-nitrate radical
with NO.
The nitric oxide catalytic cycle is giycin by the following
reaction2 ^
NO + O3 —-> N02 + O2
NO2 + 0 _ . NO + 0 (2-9)
O3 + 0 _ -> 2^2 net
One can clearly see that ozone-depleting reactions involve the
production of N02» and the subsequent reaction of NO2 and oxygen
atoms. We would like to point out that NO2 was a major product in
our experiments. Reaction (2-2a) is favored. We have not obtained
information about (2-9); however, our results indicate that a catalytic
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cycle consisting of (2-2a) and (2-9) is certainly feasible. However,
the stratosphere contains many other species (H2O, CH^, H2> H2O2,
HO2, OH, ClOjj and other NO^) and one would have to consider
the coupled reactions of all species present before definite conclusions
could be drawn.
CONCLUSIONS
Matrix-isolation infrared spectroscopic studies of the gas-phase
reactions of nitric oxide with oxygen and ozone have lead to the
following conclusions:(1)The primary product of the reaction of NO + O2 is










(2) The peroxy-nitrogen radical is observed as an
intermediate in the reaction of NO + O2.
(3) The primary product of the reaction of NO + 0^
was also NO2. The radical OONO was also observed.
The Important reaction is
NO + O3 ^ NO2 + O2. (2-3)
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